We introduce a method to map the band diagrams, or equipotential contours (EPCs), of any layered plasmonic metamaterial using a general expression for the Poynting vector in a lossy layered medium of finite extent under plane-wave illumination. Unlike conventional methods to get band diagrams by solving the Helmholtz equation using the Floquet-Bloch theorem (an approach restricted to infinite, periodic, lossless media), our method adopts a bottom-up philosophy based on spatial-frequency decomposition of the electric and magnetic fields (an approach applicable to finite, lossy media). Equipotential contours are used to visualize phase and group velocities in a wide range of layered plasmonic systems, including the basic building block of a thin metallic layer and more complex multi-layers with unique optical properties such as negative phase velocity, super-resolution imaging, canalization, and far-field imaging. We show that a thin metallic layer can mimic a left-handed electromagnetic response at the surface plasmon resonance and that stacks of metal and dielectric layers can do the same provided that the dielectric layer is sufficiently thin. We also use EPCs to estimate resolution limits of both Pendry's silver slab lens and the Veselago lens and show that the image location and lateral image resolution of metal-dielectric layered flat lenses can be described (and tailored) by the concavity and spectral reach of the dominant band in their EPCs. Homogenization methods for describing the effective optical properties of various layered systems are validated by the extent to which they accurately mimic features in their EPCs. 
I. INTRODUCTION
A metamaterial is a structure engineered on deep subwavelength scales to elicit exotic electromagnetic properties. A new breed of "plasmonic" metamaterials has emerged that operate at the upper reaches of the visible spectrum by exploiting a resonant optical mode called a surface plasmon polariton (SPP). A spot-light was cast on this approach by the pioneering work of Pendry, 1 who showed that a thin silver layer at ultraviolet frequencies could mimic a Veselago lens 2 (a homogeneous slab possessing a left-handed electromagnetic response described by the constitutive parameters ¼ l ¼ À1) and perform super-resolution imaging by evanescent wave amplification. Following a series of experiments demonstrating super-resolved images made by a thin silver layer, 3-6 more complex layered plasmonic metamaterial structures were introduced with unique refractive properties. Several multi-layered metal-dielectric systems were shown to exhibit sub-diffractive image translation across an optically thick extent, 7-10 a process called "canalization" in reference to their ability to support long, thin canals of light. Just last year, a multi-layered metal-dielectric system designed on the principle of coupled plasmonic waveguides was experimentally shown to be capable of far-field imaging, 11 in a manner strikingly similar to what would be expected of a Veselago lens.
There are many ways to describe and model the behavior of light in layered plasmonic metamaterials. Pendry 1 employed the electrostatic approximation to argue for the analogy between a thin silver layer and a negative-index layer. More complex metal-dielectric multi-layers have been modeled as homogeneous slabs composed of anisotropic 6, 7, 9 or negative-index 11 media, enabling intuitive visualization of light refraction and bulk propagation based on geometric optics. Perhaps that most widespread approach is to use numerical electromagnetic simulations based on Maxwell's equations to directly calculate spatial field and energy distributions in and about the medium. Numerical simulations are powerful because they can be adapted to model any system, but are also limited because they do not offer general physical insights. As a complement to these methods, we explore the use of band diagrams, or equipotential contours (EPCs), as a graphical method to describe a wide range of refractive properties associated with layered plasmonic metamaterials.
Band diagrams are indispensable for illustrating the refractive properties of dielectric photonic crystals. The conventional top-down method to obtain band diagrams is to leverage the Floquet-Bloch theorem 12, 13 to isolate discrete sets of real-valued wave vectorsk and then solve for corresponding frequencies xðkÞ from a linear eigenvalue equation derived from the Helmholtz equation.
14 Surfaces of constant frequency are then displayed as a function of real-valued wave-vector coordinates, providing graphical information on phase and group velocity in the medium along different directions. Unlike photonic crystals, plasmonic metamaterials are typically finite-sized, lossy, and inherently dispersive (due to operation near the surface plasmon resonance frequency). Loss and finite extent restrict the validity of the Floquet-Bloch theorem, and dispersion turns the Helmholtz a)
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V C 2014 AIP Publishing LLC 116, 173101-1 equation into a non-linear eigenvalue equation, which requires iterative algorithms that are time-consuming and sensitive to initial guesses. As a result, band diagrams are rarely used to describe the properties of plasmonic metamaterials, an observation previously noted in Ref. 15 . Recent methods to derive band diagrams for periodic plasmonic systems have been proposed using a finite-element method formulation to solve for complex-valued wave vectorsk as a function of frequency xðk Þ. [15] [16] [17] [18] The resulting surfaces of constant frequency, however, must be displayed as a function of both real and imaginary wave-vector coordinates.
We introduce an elegant bottom-up approach to derive band diagrams for any layered plasmonic metamaterial as a function of real wave-vector coordinates. The method relies on spatial-frequency representation of the electric and magnetic fields in an arbitrary lossy layered medium, from which a spectral time-average Poynting vector and its associated equipotential contour can be directly calculated. The EPCs of layered plasmonic metamaterials-ranging from the simplest configuration of a thin silver layer to complex periodic systems composed of multi-layered unit cells-are studied to shed further light on interesting reported effects such as negative phase velocity, super-resolution, canalization, and farfield imaging. We show that the SPP mode in a thin silver layer possess anti-parallel phase and group velocities closely mimicking a left-handed electromagnetic response, anisotropic metamaterials capable of canalization have a flat band-diagram extending far beyond the free-space cutoff, and far-field flat lens imaging with a layered structure is possible when a dominant band in the EPC has an upward concavity. We also use EPC engineering to design a highly transmissive layered flat lens that is capable of far-field imaging while incorporating a minimal amount of metal. Throughout these explorations, various homogenization methods commonly used to describe layered plasmonic metamaterials are validated by their accuracy in capturing the salient features of their EPCs.
II. EQUIPOTENTIAL CONTOURS
We present a recipe to obtain EPCs for any layered plasmonic metamaterial. Consider a generic layered medium bounded by semi-infinite half spaces where the layers are parallel to the xy plane. The medium is excited by a plane wave incident from one of the half spaces at an angle h in the xz plane. Field continuity across the interfaces naturally parameterizes the solutions in terms of the wave-vector component parallel to the plane of the layers, k x . Time-harmonic solutions for the electricẼðx; zÞ and magneticHðx; zÞ fields in the medium can be obtained by standard techniques such as the transfer matrix method. 19 Spatial Fourier transformation of the solutions yields spectral electric and magnetic fields defined as a function of k z , the spatial frequency along z, which exist for a fixed k x . Sweeping k x over a range (by varying h) yields two-dimensional k-space distributions of the electricẼðkÞ and magneticHðkÞ fields as a function of the spatial-frequency variablek ¼ k xx þ k zẑ . Together, the electric and magnetic field distributions define a plane-wave spectrum in which each plane-wave component is completely described by the triadk-ẼðkÞ-HðkÞ. [20] [21] [22] 
whose scalar potential is defined by
The gradient of the scalar potential yields an approximation of hSðkÞi that becomes exact when the spectral Poynting vector is ir-rotational. The scalar potential can be described by contour lines that form a diagram of bands in k-space. Given the fundamental relationship 23 ,24
where hUðkÞi is the time-averaged energy density, it can be seen that EPCs defined by UðkÞ are similar to conventional band diagrams defined by frequency xðkÞ because both have gradients along the group velocity. EPCs are also unique in several ways. First, the EPC density conveys additional information on the k-space distribution of energy density, where a high contour density indicates high energy density. Second, EPCs can be derived without invoking the FloquetBloch theorem, which enables general treatment of periodic or non-periodic systems. Third, the effect of material loss is captured by a continuum of plane-wave modes with real wave vectors as opposed to discrete modes with complex wave vectors, allowing EPCs to be plotted as a function of real wave-vector coordinates. In many respects, this approach builds on past efforts to examine phase and group velocity in infinite, lossless photonic crystals displaying anomalous refraction based on spatial-frequency decomposition of electric and magnetic fields. [20] [21] [22] We have extended this philosophy to incorporate finite, lossy media and introduced a new method to extract EPCs from this spatialfrequency decomposition.
We first demonstrate how EPCs derived from the proposed technique provide a picture of refraction at a planar air-slab interface consistent with geometric optics. We examine two cases where a homogeneous, isotropic slab, whose interface is aligned along the z plane, has either a positive or negative index. As shown in Figs. 1(a) and 1(b), the EPCs for the homogeneous slabs are each dominated by a semicircular band. In the limit where the slabs are lossless and infinite, this band collapses to a semi-circular line describing the plane-wave mode in a homogeneous medium (x ¼ ck/n). A plane wave incident onto the slab from free space at an angle h can be described in k-space by a wave-vector k 0 ¼ k x;0x þ k z;0ẑ . Tangential field continuity imposes conservation of the wave vector component parallel to the interface (k x,0 ), which is visualized by the vertical lines in Figs. 1(a) and 1(b). For the positive-index slab, the incident wave excites planes waves with parallel phase and group velocities along a direction consistent with Snell's law. For the negative-index slab, the excited plane waves have antiparallel phase and group velocities, where the former is directed towards the interface and the latter is directed away from the interface. Plane waves with anti-parallel phase and group velocities are hallmarks of a left-handed electromagnetic response and together impose negative refraction to the same side of the normal, as first presented by Veselago. 
III. METHODOLOGY
In the analysis that follows, we will derive EPCs for a range of layered plasmonic metamaterials, including a thin silver layer sustaining a SPP mode, Pendry's silver slab lens and the Veselago lens, and metal-dielectric multi-layered systems capable of canalization and far-field imaging. EPCs are calculated based on analytical, spatial-frequency representations, parameterized in terms of k x , for the electric and magnetic fields in an arbitrary lossy layered medium of finite extent under plane-wave illumination. 25 We employ analytical expressions because they enable rapid, efficient, and stable computation of high-resolution EPCs (composed of up to 500 unique solutions versus k x ), but could be replaced by any of the many methods available to obtain electric and magnetic field solutions in lossy, finite, layered media. For each case, we check that the solenoidal component of the spectral Poynting vector is small compared to its ir-rotational component. To probe the plane-wave response of layered plasmonic metamaterials at high lateral spatial frequencies (where k x ) k 0 ), we adopt the standard prism configuration where the layered systems are exposed to plane-wave illumination from a highindex dielectric medium. For the case of the Pendry silver slab lens and the Veselago lens, a thin planar air region is added between the prism and the layers to provide evanescent illumination at spatial frequencies beyond the free-space cutoff (matching the condition used to predict their superresolution capabilities). Predictions made from derived EPCs are supported by full-wave simulations in which Maxwell's equations are solved over a discrete two-dimensional spatial grid (with a spatial resolution of at least 1 nm) using the finite-difference frequency-domain (FDFD) technique. We use these simulations because they provide detailed visualization of the spatial distribution of fields and energy density in and about the medium and can accommodate twodimensional geometries that are not symmetric in the lateral direction. The FDFD technique is selected because it allows realistic modeling of lossy materials using tabulated complex permittivity values, which are generally available in Refs. 26 and 27. Simulations intended to quantify the imaging resolution of layered plasmonic systems use a conventional test object consisting of two k 0 /15-wide openings in an optically thick chromium mask spaced a variable distance T apart. The minimum resolvable feature is quantified by the minimum distance T at which the two openings can be uniquely identified in the energy density distribution in the image region. 
IV. SPP MODE AS A WINDOW INTO THE NEGATIVE-INDEX WORLD
The simplest plasmonic system is a thin metallic layer sustaining an SPP mode. We derive the EPC for a thin silver layer under the Kretschmann configuration for SPP excitation to demonstrate why this mode offers a pathway to realizing left-handed electromagnetic behavior. A 40-nm-thick silver layer is sandwiched between a dielectric (n ¼ 2) medium and air and illuminated by a plane wave (free-space wavelength k 0 ¼ 400 nm, transverse-magnetic (TM) polarization) incident from the dielectric medium. The silver is characterized by a permittivity ¼ À4:4 þ 0:2i. 26 The most prominent feature of the EPC, shown in Fig. 2(a) , is a high density of vertical lines localized at a spatial frequency just beyond the free-space cutoff k 0 . This feature corresponds to a sub-diffractive guided mode propagating along the surface, i.e., the SPP mode. Plane-wave excitation of the SPP mode at k x ' 1:1k 0 can be visualized by drawing a vertical line in the EPC at that wave vector coordinate and then forming a wave vectork from the origin to the point of highest line density along the line. The phase velocity along thek vector points away from the origin, whereas the group velocity along the frequency gradient points towards the origin. A silver layer, therefore, can mimic the defining characteristic of a left-handed medium (i.e., anti-parallel phase and group velocities), albeit under highly restrictive conditions. The left-handed response is achieved solely within the silver layer, in a direction along the plane of the layer, and at a spatial-frequency that is inaccessible to free-space planewave illumination. Moreover, it is inherently dispersive due to operation near a resonance and requires TM polarization. If, for example, the illumination switched to transverseelectric (TE) polarization, the resulting EPC [ Fig. 2(b) ] has an inverted potential gradient so that group velocity is generally directed away from the origin.
The SPP mode mimics the behavior of a negative-index medium due to an effective magnetic response established by microscopic circulation of its electric field in the silver layer. To illustrate this phenomenon, Fig. 2(c) shows a FDFD simulation of the electric field (blue arrows) and magnetic field (contour lines) in the 40-nm-thick silver layer excited at the surface plasmon resonance. The electric field circulation is synchronized with the background magnetic field and is most pronounced at the silver-air interface where the SPP mode resides. Contributions from the in-plane electric field to the magnetic response can be described by a negative permeability using homogenization methods in which the electric field circulation is folded into an effective magnetic flux density. 28, 29 In contrast to shaped resonators used at microwave frequencies to achieve artificial magnetism, the silver layer exploits a natural material resonance at a smooth surface to enable electric circulation over the smallest possible size scales. This represents the ultimate miniaturization of the principles behind the original split-ring resonators and offers what is now the only pathway to achieve artificial magnetism (and left-handed behavior) at visible and UV frequencies. The left-handed behavior of the SPP mode can be made to extend across metallic and dielectric regions provided that the dielectric fill fraction is sufficiently low. We consider a metal-clad five-layer waveguide made of 40-nm-thick silver claddings and two 10-nm-thick dielectric (n ¼ 2) cores separated by a 40-nm thick silver layer, resulting in a dielectric fill fraction of 0.14. The EPC for plane-wave illumination (k 0 ¼ 400 nm, TM-polarization) from a semi-infinite dielectric (n ¼ 2) medium is shown in Fig. 2(d) . The EPC consists of concentric elliptical contours of increasing potential closer to the origin. Plane-wave illumination at k x ¼ 1.1k 0 [the surface plasmon resonance condition in Fig. 2(a) ] yields an excited wave with phase and group velocities that are nearly anti-parallel. Left-handed behavior predicted from the EPC is consistent with both theoretical investigations of backwardpropagating SPP modes 28, 29 and experiments showing inplane negative refraction of visible light in metal-clad waveguides with ultra-thin dielectric cores. 30 Similar to the case for the single silver layer, the multi-layer system has a lefthanded response arising from microscopic electric field circulation at the surface plasmon resonance [ Fig. 2(f) ]. This left-handed response is highly sensitive to the dielectric fill fraction. When the dielectric fill fraction increases to 0.40 (by increasing the thickness of the dielectric cores to 40 nm), for example, the EPC changes dramatically and flattens out into a series of horizontal lines with an upward potential gradient [ Fig. 2(e) ]. The EPC indicates that the system now supports bulk modes propagating through the medium as opposed to guided modes propagating along the surface.
V. SUPER-RESOLVING SILVER SLAB LENS AND THE VESELAGO LENS
Theory, simulations, and experiments indicate that a thin silver layer is capable of imaging beyond the diffraction limit. It is believed that this capability arises from a fundamental likeness to a Veselago lens, 1 which has the unique potential for imaging with perfect resolution due to amplitude amplification of evanescent waves. Here, we derive the EPCs for both a silver slab lens and the Veselago lens under evanescent wave illumination conditions to understand the origins of their resolving power. This approach offers two novelties beyond the considerable amount of work already devoted to this topic. First, evanescent waves are coupled into the lenses using a realistic prism-coupling configuration that can be implemented in a laboratory. Second, EPCs provide an intuitive picture of imaging based on phase and power flow in the lens, similar to how classical imaging systems are analyzed.
The EPCs for a 40-nm-thick silver slab lens and a Veselago lens of equivalent thickness are shown in Figs. 3(a)  and 3(b) . The object plane is located 20 nm from the entrance of the lens and is defined by the interface between a dielectric prism and air. A prism with an inordinately high refractive index (n ¼ 5) is used to allow plane-wave excitation of high-k modes with large lateral spatial frequencies. The EPCs of the two lenses are strikingly similar, which justifies their analogy under near-field conditions. The behavior of both lenses at large spatial frequencies is dominated by surface modes (indicated by the dense vertical lines outside the free-space cutoff) possessing a left-handed response (indicated by potential gradients directed towards the origin). Several additional observations can be made from the EPCs. First, the layers support more modes beyond the free-space cutoff than they do below. These high-k modes are the origin of their super-resolution capabilities. Second, the high-k modes have group velocities that are generally directed towards the normal, indicated by the k x ¼ 0 line. This implies that the lenses are capable of collecting and concentrating light across their extent, a feature that is emphasized in the EPCs by traces of the time-averaged Poynting vector along a potential contour. Third, the density of modes is nonuniform and gradually diminishes for increasing k, indicating that, even for the Veselago lens, there is a finite limit to their resolving capabilities (for the realistic prism configuration studied here).
Assuming that left-handed guided modes-the dominant and common feature in the EPCs for both the silver slab lens and the Veselago lens-are responsible for sub-diffractive imaging, resolution limits can now be estimated by the spatial-frequency bandwidth over which these modes exist. Dense vertical lines in the EPC for the silver slab, for example, are concentrated just outside the free-space cutoff, up to a spatial frequency between 1.5k 0 and 2.0k 0 . Based on this bandwidth, the silver slab should have a minimum resolution that is just less than double the free-space diffraction limit (k 0 /2). This estimate is backed by FDFD simulations, which show that the minimum resolvable feature by the silver slab is T ¼ k 0 /3 [Figs. 3(c)-3(e) ]. The guided modes in the Veselago lens, on the other hand, extend up to a spatial frequency between 3k 0 and 4k 0 , which is about double the bandwidth of the silver layer. FDFD simulations concur with this estimate, revealing that the Veselago lens has a minimum resolvable feature of T ¼ k 0 /6 [Figs. 3(f)-3(h)], about twice as small as that for the silver layer. Finite resolution of the Veselago lens may be initially surprising due to their theoretical potential for perfect resolution, but can be explained by the use of a lossy, three-dimensional object in the simulation, which is sufficient to perturb the delicate conditions required for perfect imaging.
VI. CANALIZATION IN MULTI-LAYERED STRUCTURES
Simulations have established that metal-dielectric multilayers can guide light across its extent with little to no diffraction. Given the complexity of these systems-which can incorporate up to 40 alternating layers-simplifying models of their refractive properties have been built upon effective medium theory (EMT). As a case study, we adopt the configuration proposed in Ref. 7 consisting of 20 repetitions of a bi-layer unit cell composed of a 7.8-nm-thick silver layer ( ¼ À15) and a 7.2-nm-thick silicon layer ( ¼ 14) , at the wavelength k 0 ¼ 600 nm. Volumetric averaging of the local permittivity by Maxwell-Garnett theory yields the basic frequency contour shown in Fig. 4(a) consisting of a single horizontal line located at k z ' 0. Comparison to the true EPC derived from the internal electric and magnetic fields reveals some limitations of EMT. While EMT accurately predicts the flat horizontal contours that dominate the EPC especially below the free-space cutoff, it fails to predict their locations in k-space. As seen in Fig. 4(a) , the EPC consists of flat elliptical contours roughly symmetric about k z ' 0, with a prominent band of horizontal lines centered at k z ' k 0 and another centered at k z ' -k 0 . These bands describe forward-and backward-propagating modes. Remarkably, because the contours remain flat beyond the free-space cutoff, an incident plane wave will excite modes that carry energy strictly in the forward or backward direction, independent of the incidence angle. A broad and flat EPC leads to an ability to channel light straight through the medium, which is visualized by FDFD simulations of thin light streams-spaced as little as k/10 apart-flowing across the extent of the layers [Figs.  4(b)-4(d) ]. It should be noted that these simulations have employed the ideal lossless material parameters originally used in Ref. 7 . Incorporating realistic material losses will likely reduce their resolving power.
VII. FAR-FIELD FLAT LENS IMAGING
EPCs can also be used to better understand the principles behind a planar layered structure recently shown to exhibit far-field imaging (i.e., a flat lens). We consider the structure reported in Ref. 11 consisting of three repetitions of a five-layer unit cell with the layer sequence Ag (33 nm)-TiO 2 (28 nm)-Ag (30 nm)-TiO 2 (28 nm)-Ag (33 nm), which is then immersed in free space. This structure has been modeled as a homogeneous, isotropic, negative-index medium, a theoretical construct that enables its external optical properties to be understood by simple geometrical optics, but lacks insight into its internal field dynamics. EPCs can be used to provide clearer links between internal and external light behavior. Fig. 5 illustrates the EPC of the structure, in addition to simplified band diagrams derived from two homogenization methods (S-parameter method and FloquetBloch modes). The most prominent feature of the EPC is a curved band with an upward concavity. This upward concavity is similar to that observed in the EPC of the negativeindex slab in Fig. 1(b) and ensures that the system satisfies two important conditions-one related to power flow and another related to phase-needed to achieve flat lens imaging. First, group velocity in the medium is directed towards the normal, indicated by the k x ¼ 0 line. This feature is necessary to collect and concentrate light into a real image. Second, the wavefront curvature in the medium, described by the upward curvature in the EPC, opposes the wavefront curvature in free-space, which has a downward curvature, such that a wavefront exiting the medium can re-form into a real image in the transmitted region. The curved band in the EPC exists up to the free-space cutoff, beyond which it breaks up and diffuses. This fundamentally limits the images created by the structure to the free-space diffraction limit, which is consistent with past experiments. Finally, EPCs can be used to determine the best effective medium model for the structure 31 by the one that most accurately describes EPC features. As shown in Fig. 5(b) the S-parameter method and the Floquet-Bloch theorem-both widely used to derive homogeneous models for metamaterials-yield an infinite number of potential solutions in k space. However, only one of the solutions accurately describes the concavity and position of the dominant band of the EPC. In this case, the best solutions are the m ¼ 2 branch from the S-parameter method and the m ¼ 1 branch from Floquet-Bloch theorem.
VIII. FAR-FIELD FLAT LENS WITH LESS METAL
We finally apply EPC engineering to design a metaldielectric layered flat lens that achieves far-field imaging with minimal use of metal. We start with the basic template of a tri-layer unit cell composed of a TiO 2 layer sandwiched by two silver layers of identical thickness. The structure operates at the UV wavelength of k 0 ¼ 330 nm. The design objective is to achieve an EPC consisting of a single dominant band with an upward concavity-the key feature that leads to phase and power flow essential for far-field imaging-while using the thinnest silver layers possible. Optimization yields a final design consisting of 8 repetitions of a unit cell with the layer sequence Ag (7.5 nm)-TiO 2 (25 nm)-Ag (7.5 nm). The proposed design has a metal fill fraction of 0.38, which is about half the metal fill fraction of the more complex structure discussed in Sec. VII (0.63). As shown in Fig. 6(a) , the flat lens design possesses the desired EPC feature of a band with upward concavity. Its far-field imaging performance is confirmed by FDFD simulations [ Fig. 6(b) ], which reveal that it is indeed capable of forming a real image of an object spaced about a wavelength from the exit surface. Reduction in the metallic content of the flat lens translates into reduced internal losses and boosted transmission, a desirable feature if these structures are to eventually be used in real-world UV microscopy applications.
IX. CONCLUSION
We have proposed a method to draw band diagrams, or EPCs, for any layered plasmonic metamaterial through a generic expression of the spectral Poynting vector in a lossy, layered medium of finite extent. A unique feature of the EPCs proposed here is that they display potential contours as a function of real wave vector coordinates, enabling visualization of phase and group velocity on a single graph. The evolution of layered plasmonic metamaterials-starting with a basic metal layer and ending with complex metal-dielectric multi-layershas been described, interpreted, and analyzed through their EPCs, leading to a consolidated picture of interesting effects such as negative phase velocity, super-resolution imaging, canalization, and far-field flat-lens imaging.
The EPCs introduced here are a starting point to understanding how plasmonic metamaterials work and unlocking their potential for creating new optical devices. Although a major limitation is that they do not provide information on the phase and amplitude of waves reflecting from and transmitting through a medium, they can play a useful role in providing intuitive understanding and a means to communicate the intricacies of light flow in plasmonic media. These insights can be combined with existing techniques, such as numerical simulations, to explore larger parameter spaces and to develop a framework for organizing and categorizing the growing number of plasmonic systems. What we have attempted in this work is to initiate this process by a thorough treatment of plasmonic systems based on the simplest configuration of planar layers. Our treatment can and should be extended to more complex geometries. The EPC is derived assuming TMpolarized plane-wave (k 0 ¼ 330 nm) illumination from a dielectric (n ¼ 2) prism. (b) A FDFD simulation of the proposed flat lens imaging a test object placed on its surface. Tapering of the magnetic energy density in the image region at a location spaced about a wavelength from the exit surface confirms that the structure is capable of forming real images in the far field.
